Abstract: Hexachlorobenzene (HCB) contamination of soils remains a significant environmental challenge all over the world. Reductive stabilization is a developing technology that can decompose the HCB with a dechlorination process. A nanometallic Al/CaO (n-Al/CaO) dispersion mixture was developed utilizing ball-milling technology in this study. The dechlorination efficiency of HCB in contaminated soils by the n-Al/CaO grinding treatment was evaluated. Response surface methodology (RSM) was employed to investigate the effects of three variables (soil moisture content, n-Al/CaO dosage and grinding time) and the interactions between these variables under the Box-Behnken Design (BBD). A high regression coefficient value (R 2 = 0.9807) and low p value (<0.0001) of the quadratic model indicated that the model was accurate in predicting the experimental results. The optimal soil moisture content, n-Al/CaO dosage, and grinding time were found to be 7% (m/m), 17.7% (m/m), and 24 h, respectively, in the experimental ranges and levels. Under optimal conditions, the dechlorination efficiency was 80%. The intermediate product analysis indicated that dechlorination was the process by stepwise loss of chloride atoms. The main pathway observed within 24 h was HCB → pentachlorobenzene (PeCB) → 1,2,3,4-tetrachlorobenzene (TeCB) and 1,2,4,5-TeCB. The results indicated that the moderate soil moisture content was crucial for the hydrodechlorination of HCB. A probable mechanism was proposed wherein water acted like a hydrogen donor and promoted the hydrodechlorination process. The potential application of n-Al/CaO is an environmentally-friendly and cost-effective option for decontamination of HCB-contaminated soils.
Introduction
In the past decades, contamination of subsurface soils by chlorinated hydrophobic organic compounds (CHOCs) such as hexachlorobenzene (HCB), polychlorinated biphenyls (PCBs), and polycyclic aromatic hydrocarbons (PAHs) has become a significant environmental problem [1] . Due to leakage and release from various industries, CHOCs present significant threats to the environment and human health. Soils are generally regarded as the final acceptor for the majority of CHOCs released to the environment [2] . Of all the soils contaminated by CHOCs, HCB-contaminated soils attract special environmental concern [3] .
HCB was manufactured commercially in 1933 and has been extensively used as a fungicide and intermediate in organic chemical processes since then [4] . Due to its carcinogenicity, potential toxicity, Natural soils collected from Jiangsu Huaian, China were air-dried, homogenized, and kept in an oven overnight at 105 • C for drying. Then the soils were ground and passed through a No. 50 (0.355 mm) sieve [29] .
Fifty grams of the uncontaminated soils were spiked with 0.75 mL HCB acetone solution (1000 mg/L) and 20 mL pure acetone [30] . The simulated HCB contaminated soils were then dried in air for 24 h to evaporate acetone and stored in dark bottles prior to use. The theoretical HCB concentration was determined to be 15 mg/kg.
Preparation of n-Al/CaO
A dispersed mixture of Al and CaO was prepared through a planetary ball milling process. Granular particles of metallic Al and dried CaO (previously dried at 850 • C for 2 h) were introduced into the planetary ball mill (QM-3SP2; 200 g of stainless steel balls; diameter 1.2-30 mm) at a weight ratio (Al:CaO) of 1:2. The Al and CaO were milled for 1h at room temperature (25 • C) in an Ar gas atmosphere at 500 r/min. After milling, samples were collected and stored in a polyethylene hermetic bag.
Characterization of n-Al/CaO and Soils
The morphology and microstructure of n-Al/CaO was analyzed by a JSM-7001F scanning electron microscope (SEM, JEOL, Tokyo, Japan). X-ray diffraction (XRD) analysis was conducted using a Rigaku X-ray diffractometer (D/max 2500, Cu Kα radiation (1.5418 Å), and the accelerating voltage was 40 kV) (Rigaku, Tokyo, Japan). The n-Al/CaO particle size distribution was analyzed by the method of Dynamic Light Scattering (DelsaNano C, Beckman, Brea, CA, USA). The major and trace elemental composition of the soils was determined using a wavelength dispersive X-ray fluorescence spectrometer (XRF) equipped with a Rh X-ray tube and 4 kW generator (ARL PERFORM'X, Thermo Scientific, Waltham, MA, USA).
Treatment of Contaminated Soil with n-Al/CaO
The n-Al/CaO treatment was conducted in a cylindrical stainless-steel mixer (Φ 50 mm × 50 mm) with a stirring rake. Forty grams of soil samples were ground with different n-Al/CaO dosages in the mixer at a stirring speed of 120 r/min under room temperature (25 • C). Three variables including soil moisture content, n-Al/CaO dosage, and grinding (mixing) time were selected. The moisture content of the soils was adjusted by adding deionized water. All the experimental ranges and levels of these variables were determined by RSM in 2.7.
Analysis for Organic Compounds
For the quantitative analysis of semi-volatile organic compounds (SVOCs), two grams of soil samples after n-Al/CaO treatment and 100 nanograms of chlorobenzene substitutes (TCMX) were added into a cartridge. Then the SVOCs were extracted from the mixture with 300 mL of dichloromethane for 24 h. Before instrumental analysis, an injection standard (C 14 D 10 ) was added. The extract was analyzed using a GC/MS (Thermo Fisher Trace ISQ, Waltham, MA, USA), and the internal standard method was used. The column used was DB-5MS (30 m × 0.25 mm × 0.25 µm). Helium (≥99.999%) at a constant flow rate (1.0 mL/min) was used as carrier gas. The GC-oven program was as follows: 80 • C held for 4 min, with a linear temperature gradient of 8 • C/min to 140 • C, and held for 3 min, with a linear temperature gradient of 3 • C/min to 160 • C, and a linear temperature gradient of 15 • C/min to 250 • C, held for 1 min. The injector temperature used was 250 • C and the injection volume was 1 µL. All of the analyses were completed using duplicate soil samples.
The adding standard recovery of the samples is 92-106%. The results proved to be reliable by adding standard recovery experiment in this process.
For the quantitative analysis of volatile organic compounds (VOCs), two grams of soil samples after n-Al/CaO treatment were collected to be analyzed with a PT-GCMS (Atomx-Thermo Fisher Trace ISQ). The VOCs were separated by GC and detected by MS. The GC-oven program was as follows: 35 • C held for 5 min, with a linear temperature gradient of 6 • C/min to 160 • C, and held for 5 min. The injector temperature was 220 • C. All of the analyses were completed using duplicate soil samples.
The Definition of HCB Dechlorination Efficiency
Due to the mass loss (~15%) of HCB during the simple grinding process, the total concentration (C T ) of all the chlorinated benzenes was defined as follows to ensure comparability among the experimental results: [31] 
where C i is the concentration of the HCB and dechlorination products (e.g., HCB, PeCB, 1,2,3,4-TeCB, 1,2,4,5-TeCB and so on), and n is the number of all the chlorinated compounds detected with the analytical methods.
The hexachlorobenzene dechlorination efficiency (HDE) is defined as follows:
where C HCB is the concentration of HCB after n-Al/CaO treatment.
Experimental Design of RSM
RSM is generally employed to optimize the conditions of hexachlorobenzene dechlorination efficiency (HDE) by performing fewer experiments. For this study, the Box-Behnken design (BBD) was chosen to design the experiments in the RSM. The BBD is well suited for process optimization of several variables [32] . The optimum condition of the variables considered in this study including soil moisture content (A), n-Al/CaO dosage (B), and grinding time (C) were evaluated. The HDE was taken as the response function for this optimization study. The low, middle, and high level of the variables were coded as −1, 0 and +1 as shown in Table 1 . The range and level of each variable was chosen with economic and operational considerations. For example, excess n-Al/CaO dosage may lead to the soil component changes, and more undesirable operational costs. Therefore, a total of 17 experiments were designed by Design Expert (version 8.0, Stat-Ease, Minneapolis, MN, USA) and carried out randomly ( Table 2) . Analysis of variance (ANOVA) was employed to evaluate the validity of the predictive model. The regression coefficient value (R 2 ) was used to evaluate the effectiveness of the predictive model. 
Results and Discussion

Characterization of Contaminated Soils and n-Al/CaO
The soils were silica rich and contained up to 78.1% SiO 2 , 9.8% Al 2 O 3 , 9.1% CaO, 2.9% The particle size distribution and SEM microstructure are presented in Figure 1 . The average size of the n-Al/CaO particles was 277 nm (Figure 1a) . Through XRD analysis, regardless of the storage time of one day or seven days, the diffraction peaks confirmed the presence of Al and CaO in the n-Al/CaO sample ( Figure 2 ). These results indicated acceptable stability under long-term storage conditions for the compositions. 
Experimental Results and ANOVA Analysis
Three selected variables were optimized through RSM analysis under BBD to determine the maximum dechlorination efficiency of HCB. The design experiments and experimental responses are presented in Table 2 . The analysis of variance (ANOVA) is shown in Table 3 and a predictive quadratic equation that incorporates the interactions between the three variables is described as follows: 
Three selected variables were optimized through RSM analysis under BBD to determine the maximum dechlorination efficiency of HCB. The design experiments and experimental responses are presented in Table 2 . The analysis of variance (ANOVA) is shown in Table 3 and a predictive quadratic equation that incorporates the interactions between the three variables is described as follows:
where HDE is the dechlorination efficiency of HCB. A, B and C represent the soil moisture content, n-Al/CaO dosage, and grinding time, respectively. Table 3 shows the ANOVA of the predictive model. The very low values of Prob > F (<0.0001) indicated the model was significant. Moreover, based on the values Prob > F (<0.05), all three variables were found to be significant model terms. The results indicated that soil moisture content (A), n-Al/CaO dosage (B) and grinding time (C) in the response could be explained by the predictive quadratic model and had prominent effects on the dechlorination of HCB. The lack of fit Prob > F value (0.0553) of the model showed that the variation of the data around the predictive quadratic model was not significant relative to the pure error, implying significant model correlation between the three variables and the response. The ANOVA results showed that the model successfully described the correlation between the variables and the response (HDE). Furthermore, the regression coefficient of the model was high (R 2 = 0.9807), which implied that more than 98% of the variations for HCB dechlorination efficiency could be explained by the three variables (soil moisture content, n-Al/CaO dosage, and grinding time).
Optimization for HDE
To better evaluate the impacts of the three variables (soil moisture content, n-Al/CaO dosage, and grinding time) on HDE, the predictive quadratic model was presented as three-dimensional response surface plots and two-dimensional contours in Figure 3 . The results given in this figure showed the effects of two variables on the HDE while another variable remained constant at its zero level ( Table 1 ). The maximum HDE of 80% was achieved at a soil moisture content of 7.0%, a n-Al/CaO dosage of 17.7%, and a grinding time of 24 h. Compared with the common technologies such as AOPs, nZVI treatment, and bioremediation, the n-Al/CaO's application in the remediation of HCB-contaminated soils is easier to be operated with higher decomposition efficiency. In an electrokinetic Fenton process, the maximum of 57%-64% (initial concentration 100 mg/kg) HCB in the kaolin was removed after 14 days [33] [34] [35] . As for nZVI treatment (mixture of 15 mL HCB and 2 g nZVI), the dechlorination efficiency is 60% after 24 h stirring on a rotary shaker (125 r/min). In a novel biochar-plant tandem approach, the degradation efficiency can be 56.11% after a six-month growing period [20] . Figure 3a showed the interaction of the n-Al/CaO dosage and soil moisture content on HDE at the grinding time of 12.5 h. The HDE increased significantly with an increase in the n-Al/CaO dosage, which may be attributed to more contact surface and reactive sites of n-Al/CaO. As for soil moisture, no matter what the n-Al/CaO dosage was, the HDE first increased and then decreased with the increase of soil moisture content. The p-value of 0.0119 (AB) indicated that the interactions between the two variables on the HDE were significant. In Figure 3b , the HCB dechlorination efficiency generally increased with an increase in the n-Al/CaO dosage and the grinding time. When the n-Al/CaO dosage was low, the HDE increased slightly with the increase of grinding time. However, the HDE increased sharply when the n-Al/CaO was high. Figure 3c illustrated the effect of soil moisture content and grinding time by fixing the n-Al/CaO dosage, which clearly showed that lack or excess of soil moisture content was adverse to the HCB dechlorination process regardless of the grinding time.
The additional experiments were carried out to verify the consistency of the results calculated from the predictive quadratic model and the experimental results under optimum conditions. The experimental HDE of 80.60% was in close agreement with the estimated consequences by the model.
showed the effects of two variables on the HDE while another variable remained constant at its zero level ( Table 1 ). The maximum HDE of 80% was achieved at a soil moisture content of 7.0%, a nAl/CaO dosage of 17.7%, and a grinding time of 24 h. Compared with the common technologies such as AOPs, nZVI treatment, and bioremediation, the n-Al/CaO's application in the remediation of HCBcontaminated soils is easier to be operated with higher decomposition efficiency. In an electrokinetic Fenton process, the maximum of 57%-64% (initial concentration 100 mg/kg) HCB in the kaolin was removed after 14 days [33] [34] [35] . As for nZVI treatment (mixture of 15 mL HCB and 2 g nZVI), the dechlorination efficiency is 60% after 24 h stirring on a rotary shaker (125 r/min). In a novel biocharplant tandem approach, the degradation efficiency can be 56.11% after a six-month growing period [20] . 
The Pathways and Mechanism of HCB Dechlorination
The pathway analysis for HCB dechlorination was illustrated by the case of optimal condition in the RSM model (soil moisture 7.0% and n-Al/CaO dosage 17.7%). The mass balance of chlorobenzenes was shown in Table 4 . The reductive HCB dechlorination by successive loss of chloride atoms is confirmed as the main pathway with n-Al/CaO treatment (Figure 4) . After 24 h of treatment, the products detected were PeCB, TeCB, trichlorobenzene (TCB) and a small amount of dichlorobenzene (DCB) (less than 2%), which was not in agreement with several dechlorination studies of HCB with zero-valent iron and other reagents [36, 37] . As for nanoscale Pd/Fe particles or subcolloidal Ag/Fe particles, 80% of dechlorination intermediates were determined as three TeCBs and 1,2,4-and 1,3,5-TCBs [38, 39] . PeCB, three TeCBs, two TCBs (1,2,3-and 1,2,4-) , and one DCBs (1,2-DCB) were found by Zhu et al. [40] after nanoscale Cu/Fe particle treatment of HCB. In this study, Figure 4 shows the pathway of HCB dechlorination. PeCB, 1,2,3,5-TeCB, and 1,2,3,4-TeCB accounted for more than 80% of all the dechlorination products, which implied the main pathway. During the initial grinding period of HCB (1 h), the first product detected by GC was PeCB. After 12.5 h of n-Al/CaO treatment, 1,2,3,5-TeCB and 1,2,3,4-TeCB were the main product of PeCB, and 1,2,4,5-TeCB was only present in minor amounts (less than 2%). And after 24 h, 1,2,3-TCB and 1,2,4-TCB were detected (more than 2%), only a trace of 1, 3, 5-TCB, 1, 2-DCB, and 1, 4-DCB were detected. 1,3-DCB and chlorobenzene were not detected. Therefore, the main pathway within 24 h is HCB → PeCB → 1,2,3,4-TeCB and 1,2,4,5-TeCB. According to the mechanochemical theory, a probable mechanism of the dechlorination process is based on the hydrogen radical substitution reaction [28, 41, 42] . The mechanism of n-Al/CaO treatment is different with other common technologies such as AOPs and nZVI treatment, which decompose the HCB through the production of hydroxyl radical (·OH) or the oxidative dissolution of the zero-valent Fe [43, 44] . We assume that the reaction of n-Al/CaO in the contaminated soil treatment occurs through a stepwise reductive dechlorination process may be given as four steps below (n = 6, 5, 4, 3):
The oxidation-reduction potential of Al 3+ /Al is −1.662 V, which makes the metallic aluminum a reducing agent and an electron donor Equation (1) . During simple grinding, electrons can directly interact with water and yield hydrogen radicals Equation (2) . Due to the homolytic dissociation of CCl bond in a triboplasma state, [28, 45] the chlorinated benzenes can also react with electrons Equation (3). After this process, the free radicals combine and yield the hydrodechlorinated reaction product Equation (4) .
With the high specific surface area and reaction activity of n-Al/CaO, the HCB was dechlorinated in the presence of a proton donor like water and the chlorine atoms were scavenged by CaO [46, 47] . According to the mechanochemical theory, a probable mechanism of the dechlorination process is based on the hydrogen radical substitution reaction [28, 41, 42] . The mechanism of n-Al/CaO treatment is different with other common technologies such as AOPs and nZVI treatment, which decompose the HCB through the production of hydroxyl radical (·OH) or the oxidative dissolution of the zero-valent Fe [43, 44] . We assume that the reaction of n-Al/CaO in the contaminated soil treatment occurs through a stepwise reductive dechlorination process may be given as four steps below (n = 6, 5, 4, 3):
The oxidation-reduction potential of Al 3+ /Al is −1.662 V, which makes the metallic aluminum a reducing agent and an electron donor Equation (1) . During simple grinding, electrons can directly interact with water and yield hydrogen radicals Equation (2) . Due to the homolytic dissociation of C-Cl bond in a triboplasma state, [28, 45] the chlorinated benzenes can also react with electrons Equation (3) . After this process, the free radicals combine and yield the hydrodechlorinated reaction product Equation (4) .
With the high specific surface area and reaction activity of n-Al/CaO, the HCB was dechlorinated in the presence of a proton donor like water and the chlorine atoms were scavenged by CaO [46, 47] . In this process, CaO can be a hydrodechlorinating reagent, a dryer, and a protector of Al [27, 28] . Furthermore, the CaO can result in alkaline conditions, which helps catalyze the HCB dechlorination [16] .
Soil moisture content plays an important role in the dechlorination process according to Equation (2) . The water can act as a proton donor to stimulate the hydrodechlorination process. The low hydrodechlorination efficiency (less than 8%) at the soil moisture content of 0% may prove this. Furthermore, water can react with CaO and generate heat, which increases the hydrodechlorination rate of HCB [38, 48] . In this way, the HCB in the contaminated soils was dechlorinated.
The Environmental and Economic Analysis
In the present study, n-Al/CaO could be a potential environmentally-friendly and cost-effective material. Both Al and Ca are common elements in soils, so the addition of n-Al/CaO to soils with a relatively low loading ratio will not greatly change the compositions of the soils, which maintains the soil structure, properties, and function after remediation. Meanwhile, the toxicity of HCB decreases with the successive loss of chlorine atoms during n-Al/CaO treatment, which will greatly lower the environmental risk of the contaminated soils [21] . Also, in the presence of moisture and atmospheric CO 2 , the remaining CaO could form carbonates which do not harm the environment [27] . Regarding the economic efficiency of this remediation technology, even though it is difficult to accurately estimate the cost of using n-Al/CaO to remediate HCB-contaminated soils, this n-Al/CaO proves to be much cheaper than other similar materials, such as n-Ca/CaO. According to cost estimates of n-Ca/CaO treatment, the cost of treating one ton of contaminated soils was reported as $40 [49] . The preparation method, addition dosage, and remediation process of n-Al/CaO are similar with n-Ca/CaO, while the storage conditions of n-Al/CaO are simpler and Al is much cheaper than Ca. Therefore, the cost of treatment for one ton of HCB-contaminated soils should be less than $40. The accurate estimation of the cost for this technique would be practical based on the data obtained through land application of n-Al/CaO in real scenarios.
Conclusions
The study explored the potential application of n-Al/CaO for the dechlorination of HCB in contaminated soils. The high HCB dechlorination efficiency (up to 80%) seems promising. RSM was employed to optimize three variables (soil moisture, n-Al/CaO dosage, and grinding time) and revealed that the predictive quadratic model is adequate to explain the dechlorination process as the R 2 value was 0.9807. According to the ANOVA results, the predictive model was proved appropriate to describe the correlation between the variables and the responses. The optimum dechlorination conditions were found to be soil moisture content of 7.0%, n-Al/CaO dosage of 17.7%, and a grinding time of 24 h. Under optimized conditions, simple grinding can achieve 80% of HCB dechlorination in the contaminated soils, while the main products are PeCB, 1,2,3,4-TeCB and 1,2,4,5-TeCB. These results suggest that water plays an important role in the dechlorination process. The probable mechanism is based on a hydrogen radical substitution. Overall, n-Al/CaO has the potential to remediate the HCB-contaminated soils in engineering practice under natural moisture and atmosphere conditions. 
